Patients with the Mayer-Rokitansky-Küster-Hauser syndrome (MRKH) have a congenital utero-vaginal cervical aplasia, but normal or hypoplastic adnexa and develop with normal female phenotype. Some reports mostly demonstrated regular steroid hormone levels in small MRKH cohorts including single MRKH patients with hyperandrogenemia and a clinical presentationof hirsutism and acne has also been shown. Genetically a correlation of WNT4 mutations with singular MRKH patients and hyperandrogenemia was noted. This study analyzed the hormone status of 215 MRKH patients by determining the levels of luteinizing hormone (LH), follicle-stimulating hormone (FSH), estradiol, 17-OH progesterone, testosterone, dehydroepiandrosterone sulfate (DHEAS), sex hormone-binding globulin (SHBG) and prolactin to determine the incidence of hyperandrogenemia and hyperprolactinemia in MRKH patients. Additional calculations and a ratio of free androgen index and biologically active testosterone revealed a hyperandrogenemia rate of 48.3%, hyperprolactinemia of 9.8% and combined hyperandrogenemia and hyperprolactinemia of 4.2% in MRKH patients. The rates of hirsutism, acne and especially polycystic ovary syndrome (PCOS) were in the normal range of the population and showed no correlation with hyperandrogenemia. A weekly hormone assessment over 30 days comparing 5 controls and 7 MRKH patients revealed high androgen and prolactin, but lower LH/FSH and SHBG levels with MRKH patients. The sequencing of WNT4, WNT5A, WNT7A and WNT9B demonstrated no significant mutations correlating with hyperandrogenemia. Taken together, this study shows that over 52% of MRKH patients have hyperandrogenemia without clinical presentation and 14% hyperprolactinemia, which appeals for general hormone assessment and adjustments of MRKH patients.
Introduction
Congenital utero-vaginal aplasia or Mayer-RokitanskyKüster-Hauser syndrome (MRKH) (OMIM 277000) is characterized by non-fused uterus rudiments, aplasia of the cervix and vagina, but normal or hypoplastic bilateral adnexa and clinically presenting with primary amenorrhea. MRKH patients have a normal development of the female phenotype and karyotype (46, XX) and an incidence of 1 in 4000 or 5000 newborn females (Cheroki et al. 2006) . The MRKH syndrome is regarded as a developmental malformation of the Müllerian (paramesonephric) ducts, occurring in utero between the fourth and twelfth week of pregnancy, into oviducts, the uterus, cervix and upper vagina, whereas the Wolffian (mesonephric) ducts regress without fusing with the Müllerian ducts (Ludwig 1998) . Additional data from the mouse show that the vaginal aplasia could be due to the failure of the genital ducts to descend beyond the neck of the bladder (Drews 2007) . In addition to the MRKH syndrome phenotype (type I), additional malformations of other organs or tissues are known (type II). In 36 or 57.6% of MRKH cases, renal malformations including aplasia have been reported (Oppelt et al. 2006 , Rall et al. 2015 . Rarely MRKH patients have additional cervicothoracic somite anomalies, unilateral renal agenesis and conductive deafness, which are also known as MURCS association (OMIM 601076) (Duncan et al. 1979) . To date, the molecular basis for the MRKH syndrome is unknown, although a few mutated candidate genes have been found, but they only have accounted for <10% of the analyzed cases. Brown (1959) and Fraser and coworkers (Fraser et al. 1973) have shown that ovarian function is intact, as evident in correctly timed pubarche and thelarche and the presence of a biphasic basal temperature curve.
However, abnormalities of the ovaries have been detected in 15% (Strübbe et al. 1993) and 5.7% of MRKH patients (Oppelt et al. 2006) and ectopic ovaries in 41% of MRKH patients (Hall-Craggs et al. 2013) .
Steroid and pituitary hormonal levels have been demonstrated within normal limits determined from single cases or smaller cohorts of MRKH patients (Fraser et al. 1973 , Ylikorkala & Viinikka 1979 , Egarter et al. 1988 , Carranza-Lira et al. 1999 . However, some of the latter studies also showed indications that hormonal dysregulation, like hyperprolactinemia, higher progesterone levels, differences in luteal phase estrogens and aberrant gonadotrophin function exists in some MRKH patients.
Hyperandrogenemia is one of the most common endocrinological abnormalities in women. Causes for hyperandrogenemia are rarely androgensecreting neoplasms or adrenal hyperplasias, but hyperandrogenemia is more common in women of reproductive age with polycystic ovaries (PCOS) affecting 5-10% of females (Fauser et al. 2012) showing menstrual irregularity, elevated androgens, hyperinsulinemia from insulin resistance and disturbed activation, survival and growth of follicles. Interestingly, a recent questionnaire survey of MRKH patients showed that 60.1% of these patients had hyperandrogenemia without clinical signs of virilization, where clinical acne was reported in 13% and PCOS in 5.8% of patients (Rall et al. 2014) . Currently, the incidence of both hyperandrogenemia and hyperprolactinemia is not known in MRKH patients. In addition, a weekly hormone assessment of MRKH patients over one month has not been compared to control women or between MRKH patients. Considering genetic analyses of MRKH patients with hyperandrogenemia, a correlation with heterozygous WNT4 mutations like p.E226G, p.R83C, p.L12P and p.A233T were found (Biason-Lauber et al. 2004 , 2007 , Philibert et al. 2008 .
WNT genes are essential for Müllerian duct development as shown with knockout and knockin mice experiments: Wnt4-mutant female mice lack Müllerian ducts but not the Wolffian ducts (Heikkilä et al. 2001 ) and inactivation of Wnt4 led to a premature ovarian failure (Prunskaite-Hyyryläinen et al. 2014) . Wnt5a knockout mice exhibited dwarfism, truncated limbs, hypoplastic genitals and anorectal malformation (Yamaguchi et al. 1999 , Tai et al. 2009 ). Wnt7a, which is expressed in the Müllerian duct epithelium, was demonstrated as a requirement for the differentiation of the oviduct and uterus (Parr & McMahon 1998) , knockout mice had abnormal oviduct and uterus development and limb developmental defects (Heikkilä et al. 2001) . Wnt9b was shown to be essential for the caudal extension of the Müllerian ducts (Parr & McMahon 1998) , expressed in the metanephric and mesonephric tubules and caudal extension of the Müllerian duct. Wnt9b knockout mice were lethal post-partum with kidney malformations (Carroll et al. 2005) . Interestingly, WNT7A functional missense mutations are associated with the Al-AwadiRaas-Rothschild syndrome (AARRS) (OMIM 276820) and the less severe Fuhrmann syndrome (OMIM 228930), defined by loss of lower limbs, digits of the hands as well as urogenital abnormalities (Al-Qattan et al. 2013) .
By contrast to earlier hormone evaluations, the present study analyzed 215 MRKH patients for LH, FSH, estradiol (E2), 17-OH-progesterone, prolactin, DHEAS, TT, FT, FAI, cBT and SHBG, as well as clinical signs of PCOS, acne and hirsutism. One main objective was to determine the incidence of hyperandrogenemia and hyperprolactinemia in our MRKH cohort. Another aim of this study was to follow hormone levels of MRKH patients with and without hyperandrogenemia over 30 days to determine the differences compared to each other and normal control women. In addition, a subset of these MRKH patients was sequenced for WNT4, WNT5A, WNT7A and WNT9B genes to correlate hyperandrogenemia in MRKH with WNT mutations.
Materials and methods

MRKH patients
All patient handling and patient blood samples were in accordance with the Ethics Committee review and approval at the University of Erlangen-Nuremberg (# 256_14). All patients gave written informed consent prior to blood donation. The 215 MRKH patients (mean age 30.42 ± 8.6 years s.d.) were either from the Department of Gynecology and Obstetrics at the University Hospital of Erlangen or from the University of Tübingen, Department of Gynecology and Obstetrics, in Germany (Table 1 ). The 215 patients were grouped according to the VCUAM classification using laparoscopy, laparotomy, hysteroscopy, sonography, urogram and/or magnetic resonance imaging (Oppelt et al. 2005) .
Hormone analyses and criteria for assembly of hormone groups
All patient serum samples were collected at the time of initial diagnosis or at regular gynecological examinations. Measurements were performed in a routine diagnostic endocrinology laboratory using established commercial assays (IMMULITE 2000, Siemens Medical Solutions Diagnostics), routinely monitored by participation in external quality-control programs. Total testosterone (TT), dehydroepiandrosterone sulfate (DHEAS), sex hormonebinding globulin (SHBG), luteinizing hormone (LH), folliclestimulating hormone (FSH), estradiol (E2) and prolactin (PRL) were measured with chemiluminescent enzyme immunoassays (IMMULITE 2000, Siemens Medical Solutions Diagnostics), as described in detail previously (Mueller et al. 2006a (Mueller et al. ,b, 2007 (Mueller et al. 2006a,b) ; (3) MRKH with hyperprolactinemia but normal androgen serum levels: elevated PRL over 530 IU/L according to Melmed and coworkers (Melmed et al. 2011) and (4) MRKH with hyperandrogenemia and hyperprolactinemia.
30-day hormone assessment
Five control patients with regular monthly cycle and seven MRKH patients, also included in the overall hormone study, were selected for donating serum every week over 5 weeks. Of the seven MRKH patients, four patients were classified as having normal hormone values and three with hyperandrogenemia. In addition, these seven MRKH patients did not present with PCOS, clinical acne or hirsutism. The control patients had a mean BMI of 21.61 ± 0.69 and mean age of 29.6 ± 1.36 years, the MRKH patients had a mean BMI of 19.28 ± 1.08 and a mean age of 21.85 ± 0.8 years.
Genomic DNA extraction
DNA from 8 mL blood collected in CPDA tubes (with citrate, phosphate, dextrose and adenine) was extracted as previously described (Ekici et al. 2013) .
PCR reactions and sequencing
For a subset of the MRKH patients (n = 28), individual coding exons, splice sites as well as part of the 5′ and 3′ UTRs of the WNT4, WNT5A, WNT7A and WNT9B genes were amplified using specific primers (Supplementary Table 1 , see section on supplementary data given at the end of this article) by polymerase chain reaction (PCR) with appropriate amplification protocols. Primer sequences were selected using Primer3 software to achieve amplicons of approximately 600 bp regardless of the actual exon sizes. Larger exons were subdivided in different overlapping amplicons (Supplementary Table 1) . PCR was performed with 50 ng genomic DNA, 10 pmol of each primer, 1 U Taq-polymerase and components (Invitrogen). PCR fragment purification and sequencing (BigDye Terminator v3.1 Cycle Sequencing Kit; Applied Biosystems) was done using an automated capillary sequencer (ABI Prism 3730 Genetic Analyzer; Applied Biosystems) according to Ekici et al. (2013) . Nucleotide changes of both DNA strands were identified by alignment of generated sequences with the reference sequence (hg19/GRCh37/NCBI Build 37.1) using SeqManPro/LasergeneV.8 (DNASTAR, Madison, WI, USA).
Statistical analysis
The nonparametric Mann-Whitney test for independent samples was performed using IBM SPSS Statistics 21 (SPSS). For all tests, a P < 0.05 was considered as statistically significant. For each mean value, a standard error of the mean (s.e.m.) was calculated.
Results
All 215 MRKH patients had primary amenorrhea with complete vaginal atresia (V5b), bilateral cervical aplasia (C2b) and bilateral rudimentary or aplastic uterus (U4b) according to the VCUAM classification (Oppelt et al. 2005) . Seventy-two (33%) of the 215 MRKH patients had additional kidney malformations (MR; malformation renal, mostly unilateral kidney agenesis), 42 (19.5%) had skeletal malformations (MS, mostly scoliosis), 7 (3.2%) cardiac defects (MC) and 4 (1.9%) neurological aberrations (MN). Twenty patients (9.3%) had compound malformations of kidney and skeleton (MRS) and 5 patients (2.3%) had multifactorial kidney, skeleton, cardiac and neurological defects (MRSC or MRSN) according to the VCUAM classification (Oppelt et al. 2005) . Of the 215 MRKH patients, 5 patients (2.3%) had clinical acne, 2 (0.9%) hirsutism, 15 (7%) PCOS and 10 (4.6%) were smokers ( Table 1) . The BMI values between MRKH patients with normal hormone status (21.51 ± 0.37) and MRKH patients with hyperprolactinemia and hyperandrogenemia (25.01 ± 1.51) were significantly different (P = 0.02); and between the MRKH group with hyperprolactinemia (21.99 ± 0.74) and MRKH with hyperandrogenemia and hyperprolactinemia (P = 0.034). The total mean BMI of all 9 (100%) Acne 3 (3.7% or 1.4% of total) 0 (0%) 1 (4.8% or 0.5% of total) 1 (11.1% or 0.5% of total) Hirsutism 0 (0%) 0 (0%) 1 (4.8% or 0.5% of total) 1 (11.1% or 0.5% of total) PCO 4 (4.9% or 1.9% of total) 10 (9.6% or 4.6% of total) 0 (0%) 1 (11.1% or 0.5% of total) Smoker 7 (8.6% or 3.2% of total) 1 (1.0% or 0.5% of total) 1 (4.8% or 0.5% of total) 1 (11.1% or 0.5% of total)
Of the total MRKH patients (n = 215), 5 (2.3%) patients had clinical acne, 2 (0.9%) hirsutism, 15 (7%) PCO and 10 (4.6%) patients were smokers.
215 MRKH patients was 22.29 ± 0.31, and the mean age of all MRKH patients was 30.44 ± 0.59 years (Table 1) .
Hormone analysis
The hormone analysis of the 215 MRKH patients resulted into the subdivision of 4 cohorts: MRKH with normal hormone values (normal hormone) (n = 81 or 37.7%), with hyperandrogenemia (n = 104 or 48.3%), with hyperprolactinemia (n = 21 or 9.8%) and both hyperandrogenemia and hyperprolactinemia (n = 9 or 4.2%) (Fig. 1) . According to the single hormone values, FSH was not significantly different between the 4 cohorts, whereas LH was significantly increased by 14.2% in the hyperandrogenemia group (P = 0.00031). However, the LH/FSH or FSH/LH ratios were not different. Estradiol (E2) was significantly downregulated by 52.6% in the hyperprolactinemia group (P = 5.64E-06) compared to that in the MRKH normal hormone group, whereas the hyperandrogenemia and hyperandrogenemia/ hyperprolactinemia groups had similar E2 values. Hyperandrogenemia MRKH presented with highly significantly increased TT (P = 3.59E-15), cFT (P = 2.03E-31), FAI (P = 2.67E-29), cBT (P = 8.18E-31) and DHEAS (P = 0.000053) levels compared to the MRKH normal hormone group. Except for DHEAS, highly significant increased levels of TT, FT, FAI and cBT were also detected in the hyperandrogenemia/hyperprolactinemia group. The hyperprolactinemia group showed highly significant decreases of TT, FT, FAI, cBT and DHEAS compared to those in the MRKH normal hormone group. The 17-OHP values were significantly downregulated for the hyperprolactinemia and hyperandrogenemia/ hyperprolactinemia groups compared to those in the MRKH normal hormone group. The SHBG was significantly lower in hyperandrogenemia, hyperprolactinemia and hyperandrogenemia/ hyperprolactinemia groups compared to those in MRKH normal hormone group. Compared to the MRKH normal hormone group, the hyperprolactinemia group showed a 19.7-fold (P = 1.91E-12) and 14.8-fold induction of PRL in the hyperandrogenemia/hyperprolactinemia group (P = 9.38E-07) (Fig. 1) . The association of the four different MRKH patient hormone groups with the different adnexa (A) or additional malformations (M) did not show any significant correlation (Table 2) .
Month-long hormone assessment
The analysis of LH, FSH, E2, 17-OHP, TT, cFT, cBT, DHEAS, PRL and SHBG for 30 days (5 time points at 2-5, 8-14, 14-18, 18-24 and 24-30 days) with 7 MRKH and 5 control patients showed strong aberrations (Fig. 2) . The mean values of the 7 MRKH patients did not show a typical mid-monthly peak of LH and FSH. The values for E2, TT, cFT, cBT and DHEAS were continuously higher than those in the 5 control women. 17-OHP was similar between the MRKH and control women, with a strong increase at the luteal phase (after day 18). SHBG of the MRKH showed lower values at the end of the month (luteal phase), whereas PRL was higher at the beginning of the month (follicular phase) compared to that in the controls (Fig. 2 ). An additional month-long hormone comparison between the MRKH patients with hyperandrogenemia (n = 3) Figure 1 Hormone analysis of all MRKH patients (n = 215). Normal = MRKH with normal hormone status; hyperandro = MRKH with hyperandrogenemia; hyperprolac = MRKH with hyperprolactinemia, hyperandro/hyperprolac = MRKH with hyperandrogenemia and hyperprolactinemia. Statistical correlations were performed against the group of MRKH with normal hormone status: *P < 0.05; **P < 0.01. and without hyperandrogenemia (n = 4) showed generally higher values of most analyzed hormones. Besides the finding of weekly significant higher values for TT and cBT of the MRKH patients with hyperandrogenemia, higher E2 and DHEAS were also detected (Fig. 3) . Interestingly, the MRKH patients without hyperandrogenemia showed a relatively flat 17-OHP curve even after day 18 in contrast to the MRKH patients with hyperandrogenemia and to the control patients (Figs 2 and 3) .
WNT4, WNT5A, WNT7A, WNT9B sequencing
A representative subset of the MRKH patients (n = 28) were also analyzed for WNT4, WNT5A, WNT7A and WNT9B exonic, intron-exon boundaries and UTR DNA changes (Fig. 4) . This subset included 12 MRKH patients with normal hormone status, 11 patients with hyperandrogenemia, 4 patients with hyperprolactinemia and 1 patient with combined hyperandrogenemia and hyperprolactinemia. As shown in Fig. 3 , no novel mutation in WNT4, WNT5A, WNT7A and WNT9B was found, whereas known SNPs were detected. Interestingly, no SNPs were detected in WNT4, even with the 11 hyperandrogenemia patients. The only mutation with an amino acid exchange was found in WNT9B (rs4968281; p.M106T) present in all analyzed MRKH patients; however, this SNP is also found with a high probability in normal populations (C/C = 48.2%, C/T 41.1%, T/T = 10.7%). WNT5A, WNT7A and WNT9B mutations were equally distributed of the different hormone groups, without any significant difference (Fig. 4) .
Discussion
Published serum analysis for DHEAS, TT, FAI, SHBG, LH and LH/FSH ratio of normal female controls (n = 43, mean age 32.4 years) and of PCOS patients (n = 86, mean age 30 years) (O'Reilly et al. 2014) showed a similarity between MRKH with normal hormone levels and MRKH with hyperandrogenemia presented here. This correlation would imply a tendency of MRKH with hyperandrogenemia toward PCOS. However, the presented group of MRKH patients with normal hormone values in this study (n = 81) included 4 patients with PCOS (4.9%) and the MRKH cohort with hyperandrogenemia (n = 104) involved 10 patients with PCOS (9.6%) ( Table 1) . Due to estimations, the prevalence of PCOS is set to 5-10% of women at the A#: unknown; A0: normal; A1a: unilateral tubal malformation, ovaries normal; A1b: bilateral tubal malformation, ovaries normal; A2a: unilateral hypoplasia/gonadal streak; A2b: bilateral hypoplasia/ gonadal streak; A3a: unilateral aplasia; C, cardiac; N, neurological; R, renal; S, skeletal according to Oppelt et al. (2005) . reproductive age (Fauser et al. 2012) , which lies in the range of the single MRKH groups analyzed in this project. A recent questionnaire study, which also partly included MRKH patients used in the present study, showed that 61% (42 of 69) had hyperandrogenemia with 11.6% reporting physiological acne and 5.8% PCOS (Rall et al. 2014) . Therefore, we conclude that PCOS cannot be responsible for the hyperandrogenemia of MRKH patients, which represented for 48.3% of the total MRKH patients. Besides PCOS, adrenal hyperplasia or tumors of the adrenal glands or ovary or menopause can be the cause for hyperandrogenemia; however, these were not applicable to our MRKH cohort. In addition, a comparison of the ovaries and adnexes of the MRKH with and without hyperandrogenemia did not show significant differences of malformation or aplasia ( Table 2 ). The presented results of 48.3% MRKH patients with hyperandrogenemia and 37.7% MRKH with normal hormone values cannot be easily explained. It is known that a steroid hormone exchange between the ovaries and uterus contributes to key regulatory mechanisms, especially during the menstrual cycle (Cicinelli et al. 2004) . The missing essential hormone crosstalk and regulation between ovary and uterus in MRKH patients, which we previously proposed (Strissel et al. 2009 ) would apply to all MRKH patients, including those MRKH patients with hyperandrogenemia and a more deregulated hormone status, which was evident with the LH/FSH and FSH/LH ratio (Fig. 1) . Except for the MRKH group with hyperprolactinemia the E2 levels were similar between the different MRKH groups. Due to the conversion of TT to E2 via aromatase (CYP19A1), an overabundance of TT could be responsible for higher E2 levels. On the other hand, PRL regulates E2 and vice versa, which was seen in the hyperprolactinemia group, but not in the combined MRKH hyperandrogenemia/hyperprolactinemia group. Both MRKH groups with hyperandrogenemia and hyperprolactinemia had significantly low 17-OHP levels compared to those in the MRKH group with normal hormones. Compared to the MRKH group with normal hormone levels, the MRKH group with hyperprolactinemia had significantly low TT, FT, cBT, FAI and DHEAS, which was also found in normal women with high PRL levels (Wathen et al. 1985) .
A previous analysis of 56 MRKH patients and 22 female controls showed higher but insignificant levels of LH, FSH, E2, progesterone and activin A and lower levels of FSH and AMH in MRKH (Strissel et al. 2009 ). However, LH/FSH ratio levels were significantly higher in these MRKH patients, whereas inhibin B was undetectable in 41.1% of the MRKH patients (Strissel et al. 2009 ). These results and the results Figure 3 Hormone evaluations of the 7 MRKH patients divided into a group with normal hormone values (gray) (n = 4) and MRKH with hyperandrogenemia (black) (n = 3). *Statistically significant (P < 0.05).
Figure 4
Sequencing analysis of MRKH patients (n = 28) for WNT4, WNT5A, WNT7A and WNT9B. The horizontal squares represent the amount and percent (n = 28 equaling 100%) of specific SNPs, including the 'reference SNP' (rs) ID numbers on the left side. The color code represents green for MRKH with normal hormone status (n = 12), orange for MRKH with hyperandrogenemia (n = 11), blue for MRKH with hyperprolactinemia (n = 4) and olive for MRKH with hyperandrogenemia and hyperprolactinemia (n = 1). The numbers in parenthesis represent the total of homozygote mutations, without parenthesis the total of heterozygote mutations. On the right side are the coding (c) and protein (p) exchanges indicated. *The nucleotide 3′ of the translation stop codon (3′UTR (Fontana et al. 2016) , our negative sequencing results of 28 MRKH patients, including 11 with hyperandrogenemia for WNT4 mutations confirm previous results, where 12 MRKH patients with hyperandrogenism also presented with no WNT4 mutations (Gervasini et al. 2010) . Several studies analyzed for WNT4, WNT5A, WNT7A and WNT9B gene mutations in MRKH patients, but did not find these genes primarily contributing to the MRKH syndrome (Timmreck et al. 2003 , ClementZiza et al. 2005 , Cheroki et al. 2006 , Ravel et al. 2009 ). However, some recent studies detected WNT9B mutations in a few MRKH patients (Tang et al. 2014 , Wang et al. 2014 , Waschk et al. 2016 . Due to the close connection of hyperandrogenemia and PCOS, it was interesting to note that analyses of the WNT4 gene resulted in no correlating mutations (Canto et al. 2006) , although genes regulating WNT signaling were found differentially expressed in PCOS patients compared to those in controls (Chazenbalk et al. 2012) . It is therefore reasonable that the WNT family members do not contribute to the MRKH etiology, however, could contribute to hyperandrogenemia in MRKH patients, but more on deregulated expression levels than due to inactivating mutations.
In summary, MRKH patients show deregulation of androgen hormones. Importantly, 48.3% presented with hyperandrogenemia, 9.8% with hyperprolactinemia and 4.2% of MRKH patients with both hyperandrogenemia and hyperprolactinemia. All these MRKH patients did not have significant mutations of the WNT4, WNT5A, WNT7A and WNT9B genes. Weekly hormone analyses over one month showed higher E2, TT, cBT and DHEAS in MRKH patients compared to those in control patients, which were also higher in MRKH patients with hyperandrogenemia compared to MRKH patients without hyperandrogenemia. We conclude that one recommendation could be to implement a more detailed hormone evaluation of MRKH patients, and if necessary, perform a corrective intervention for deregulated hormones.
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